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r SUMMAKY 

.I 

A low-lift   Lateral   stabil i ty  investigation w a s  conducted w i t h  a 
rocket-propelled model of a 450 swept-wing-airplane configuration equipped 
w i t h  an auxiliary yaw-rate damper system in the  Mach nmiber range from 
0.76 t o  1.73. The lateral osci l la t ions due to   per iodic  yawing disturb- 
ances were analyzed t o  deterdne the   h t e ra l   cha rac t e r i s t i c s  of the 
airframe-yaw-rate-damper conibination. In addition, due t o  a dead spot 
in the operation of the yaw-rate damper system, it was possible t o  deter- 
mine the  la teral   der ivat ives  of the model when the Mach nmiber was greater 
than 1.2 by the  use of the time-vector m e t h o d  w h i l e  the h p e r  w a s  essen- 
t i a l l y  inoperative. The data were further interpreted in terms of full- 
scale-airplane  flying qualities. 

The yaw-rate damper system w a s  nonlinear due t o  a relat ively Large 
dead spot in the  system. The effect  of the yaw-rate  danper  system, 
where data were available (Mach  nuniber greater that l.Z), was t o  increase 
the damping of the later81 oscil lations.  The periods of the lateral 
oscil lations were unaffected by the yaw-rate damper system. When Inter- 
preted in terms of full-scale flying qual i t ies ,   the  yaw-rate damper sys- 

I tem had a large  effect  on the damp- at a Mach  nuniber of 1.4. 

Current  design trends i n  airplane geometry and mass dist r ibut ion 
have caused serious adverse effects upon the damping of lateral oscil- 
lat ions.  As a result, auxiliary systems t o  Improve the a w i n g  of 
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Lateral   oscil lation are being  incorporated in high-performance air- 
planes. Many auxiliary systems have been  proposed (for example, see 
ref. 1) and one  which has received widespread me  applies  rudder.con- 
t ro l   p ropor t iona l   to  yawing angular velocity  (see,  for example, refs. 2 
and 3 ) -  

In  order  to  provide some additional  experience  with model tes t ing  
of automatic  controls and t o  provide  further  information on the  effect  
of an auxiliary yaw  damper sens i t ive   to  ;yawing angular velocity on the 
l a t e ra l   s t ab i l i t y  of high-performance airplanes, a rocket-propelled 
model of a 45' swept-wing airplane'equipped  with an auxilfary yaw-rate 
damper system similar  to  the system tested in  reference 4 was flown at  
transonic and supersonic  speeds. The yaw-rate damper system w a s  linked 
t o  an all-movable ver t ica l  t a i l  which deflected as a function of the 
yawing velocit ies caused by periodic yawing disturbances. The  Mach num- 
ber range covered by this t e s t  was from 0.76 t o  1.73 and corresponds t o  
a Reynolds number range  (based on w i n g  mean aerodynamic chord) of 
6.9 x 10 t o  16.2 x 10 , respectively. The  model was flown at the 6 6 
Langley Pi lot less  Aircraft Research Station a t  Wallops Island, Va. 

Due to a dead spot in the  operation of the yaw-rate damper sys-km, 
it was possible t o  obtain  the  lateral   stabil i ty  derivatives of the air- 
plane w h i l e  the system w a s  ementially  inoperative. The l a t e r a l  sta- 
bi l i ty   der ivat ives  were obtained by use of the time-vector method as 
applied t o  rocket-propelled models as described in references 3, 6 ,  and 7. 

The forces and moments acting on the  model are re fer red   to   the  body 
system of axes shown in   f igure 1. The origin of the axes system was 
a t  the center of gravity of the model which was coincident with the 
25-percent mean aerodynamic chord of the w i n g .  The symbols and coeffi- 
cients  are  defined as follows: 

a 

+/g  

b 

E 

total wing factor  (logarithmic decrement of the Dutch 
ro l l   o sc i l l a t ion  defined as being a positive number f o r  
a damped oscil lation) 

acceleration along Y reference axis as obtained from accel- 
erometer, posi t ive  to   r ight  

R 

w i n g  span, f% 

mean aerodymmic chord, ft 
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# 
C 1/2 

V 
". 

h 

=X 

IZ 

L 

P 

P 

9 

R 

ve 

W 

number of cycles  requfred f o r  osci l la t ion  to  ilFMp t o  
1/2 anplitude 

altitude, ft 

moment  of iner t ia  about X-axis, slug-ft2 

moment of inertia about Z-axis, dug- f t2  

product of iner t ia  in XZ-plane referred t o  body axes system 
(positive when the  positive  direction of the X principal 
axis is  inclined below the  reference axis), 
1/2 (Iz - Ix) tm 2€, slug-ft2 

concentrated lad, lb  

Mach number 

rolling, pitching, and yawing moments about X-, Y-, and 
Z-axes , respectively 

mass, slugs 

period of lateral   oscil lation,  sec 

rolling  velocity,  radians  per second 

dynamic pressure, lb/sq ft 

Reynolds number 

yawing velocity, radians per second 

t o t a l  wing area, sq ft 

time  required  for  the lateral oscillation t o  darrrp t o  
1/2 amplitude, sec 

velocity,  ft/sec 

equivalent  airspeed, V F, ft/sec 

equivalent lateral   velocity,  V, sin p ,  ft /sec 

weight of  model, lb 

coordinate axes 
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Y spanwise station, f t  

Y' ' spaswise station at which concentrated load is applied, ft 

a angle of attack, deg or  radians as noted 

B angle of sideslip, deg or radians as noted 

E principal-axis  inclination, deg 

a 

e 

cr 

P 

pl 
JI 

9 

8 

density  ratio 

angle of t w i s t  or  pitch angle, radians 

relativedensity  factor, 

air  density,  slugs/cu f t  

r o l l  angle,  radians 

;yaw m e ,  radians 

phase angle, deg 

control  deflection, deg 

c r i t i ca l  damping r a t i o  

undamped natural Frequency  of the model, 

Psb 

raMans/sec 

undamped natural frequency of the yaw damper system, 
.radians/sec 

lateral-force  coefficient,.  Lateral force/qS 

pm-moment  coefficient, Yawing moment/qsb 

lift coefficient, - Lift 
¶S 
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R 

-i 
IC 

% Lateral-force  derivative, dcy/dp, per r ean  

directional-stability  derivative, dC,/afl, per radian 

czP 

cLp 

effective-dihedral arivative, &z/dp, per  radian 

damping-in-roll  derivative, -, per radian dC2 

d -  Pb 
2v 

cg. rate  of  Change  of yawing-moment coefficient  with yawing- 

angular-velocity  factor, - 'h, per radian 
b I ; b  
2v 

rate  of  change of yawing-moment  coefficient  with  rate of 

change of angle-of-sideslip  factor, 3, per radian 
a b  m 

%e rate of change of yawing-moment coefficient  with r o w -  
angular-velocity  factor, -, dC, per  radian 

Pb d x  
C rate of change of rolling-moment  coefficient  with yawing- 
'r 

an@;ula.r-velocity factor, -, bcz per  radian 
a -  rb 
2v 

W wing 

T trim 

m horizontal  tail 

t vertical  tail 

A full-scale airplane 
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The  symbol I I represents  the  absolute  magnitude of the qlitude 
of a quantity  and  is  always  taken  to  be  positive. A dot  over a variable 
indicates  the  first  derivative of the  variable  with  respect  to  time. 
Two  dots  indicate  the  second  derivative  with  respect  to  time.  The  second 
subscript symbol of the  phase  angles is used  as a reference. A positive 
sign  associated  with  the  phase angle indicates that the  first  subscript 
symbol leads  the  reference,  whereas a negative  sign  indicates  that  the 
first subsdpt symbol lags the  reference. 

MODEL, INS-TATION, AM) TESTS 

Model 

The  general  arrangement of the  model  is  shown in figure 2, and the 
geometric  characteristics of the  model are presented in table I. In 
table I1 the mass and  inertia  characteristics of the  model are listed. 
Photographs of the  model  and  model-booster  combination  are  presented 
as figure 3. 

The  fuselage was a body of revolution  and  consisted of an ogival 
nose  section, a cylindrical  body  section,  and an ogival  tail  section. 
The nose  section  contained  the  electrically  actuated  yaw-vane  disturber 
m d  the  telemeter;  the  center  section  contained  the  wing,  and  the  tail 
section  contained  the  horizontal  and  vertical tails aa,well as  the awc- 
iliary  yaw m e r  system.  The  fuselage  was  constructed of aluminum 
a l l o y  with  magnesium  skin. 

The wing of the  model was mounted along the  fuselage  reference  line 
and was constructed of composite wood and  steel.  It  incorporated 45O 
of sweepback  along  the  quarter-chord  line  and had an aspect  ratio  of 4 
and a taper  ratio of 0.3. The  airfoil  sections  were NACA 6 ~ 0 0 6 .  The 
horizontal  tail was mounted in the  wing-chord  plane  extended and had 
the  same  geometrical  characteristics as those of the  wing. It was  con- 
structed of solid  steel. 

The vertical  tail had an NACA 631006 airfoil  section  and  incorporated 
45’ of sweepback  along  the  quarter-chord  line  (see  table I for  other  geo- 
metric  characteristics). It was  constructed of solid  steel  and was 
mounted through linkages to the  auxiliary yaw damper. d 

I 

The  yaw-rate  damper  system  consisted  of a rate  gyroscope,  pneumatic 
servomotor,  slide  valve,  air  accumulator,  air  regulator,  air  purifier, 
and  1inkEtges.  Rate-gyro signals were  transmitted by mechanical link- 
ages  through  the  air  valves and servomotor  to  produce  deflections of 
the movable vertical  tail.  The  mechanical linkage limited  the  vertical 
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B 

tail  to maximum deflection  of +p. A complete  description of the a m -  
iliary yaw damper  system  is  presented in the  appendix. 

f 

kstrqnentation 

1 

. 

The  model  contained a standard mACA eight-channel  telemeter. Con- 
tinuous  measurements of the  following  quantities  were  recorded: Normal 
and transverse  accelerations  near  the  center of gravity of the  model, 
rolling  and  yawing  velocities,  angles  of  attack and sideslip, t o t a l  
pressure,  and  vertical-tail  deflection. R o l l i n g  velocity was measured 
by means of a gyro-type  instrument  alfned so that it was sensitive  to 
velocities  about  the X reference a x t s  and yaw velocity was measured by 
a similar instrument  alined so that  it  was  sensftive  to  velocities  about 
the 2 reference  axis. The angle of attack and  angle of sideslip w e r e  
measured  by an air-flow  direction  indicator  located on a sting  forward 
of  the  model.  Total  pressure was measured  by a tube  located on a strut 
attached  to  the  under  side  of  the  cylindrical  section of the  fuselage 
and  the  vertical-tail  deflection was measured by an inductance-type COR- 
trol  position  indicator  mounted  to a shaft that fomed the hinge line 
of the  vertical  tail. 

Ground  instrumentation  included a CW Dopplar radar unit t o  measure 
the  velocity  of  the  model, a modified SCR-584 tracking radar set to 
measure  the  positions of  the mdel in space, and a sphsonde used as an 
additional  measure of the  rolling  velocity by m e a m  of the  polarized 
radio  waves  emanating from the  telemeter  antenna.  Atmospheric  data 
were  obtained  from a radiosonde  released  immediately  before  model  flight, 
and  fixed  and  tracking  motion-picture  cameras  were used to  observe  the 
condition of the  model during most of the  flight. 

Preflight  Tests 

The  stiffness  of  the  wing w a s  obtained by applying  concentrated 
static  loads  at  five  spanwise  stations  along  the  quarter-chord and half- 
chord  lines  and  measuring  the  deflections along the lea&- and  trail- 
edges.  The  stiffness  of  the  vertical  tail  was  obtained in a similar 
manner  but four spanwise  stations  were  used  for the concentrated  static 
loads  due to the  space  requirements  of  the  dials  used  to  measure  the 
leading-  and  trailing-edge  deflections. These data are  shown in figure 4. 

The moments of inertia of  the  model  were  obtained by swinging  the 
model as a pendulum  and  measuring  the frequency of the oscillations. 
The  inclination of the  principal axis of inertia was obtained by swinging 
the  model  in roll about a number of longitudinal-axis  inclinations and 
noting  the  angle  for  which  the roll moment of inertia was a mlnfmum. 
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The model  was also suspended by shock chords and shaken by means 
of an electromagnetic s w e r   t o  obtain i ts  structural  natural frequen- 
cies. These characteristics  are shown i n  table 11. I 

Flight  Test 

'phe model was boosted t o  a Mach  number of 1.76 by two solid-fuel 
ABL Deacon rocket motors  which  were timed t o  fire simultaneously, and 
upon burnout of the booster rockef motors the model separated from the 
booster as a result of the  different drag-to-weight ratios. The  model 
did not  contain an internal  rocket motor. During the boosted phase of 
the  f l ight,   the yaw-vane disturber was inoperative and was not allowed 
t o  operate  until  the model w&6 campletely separated from the  booster. 
Mo such restriction was placed on the  auxiliary yaw damper system, h m -  
ever, and the  vertical t a i l  w a s  allowed t o  move durfng boosted flight. 
After completely separating from the  booster,  the yaw-vane disturber 
was programmed t o  extend fully i n  a time of 0.38 second and to   r e t r ac t  
in  a time of approximately 0.05 second, repeating  the  cycle  every 
1.43 seconds. Since the yaw vanes were set  a t  a fixed  angle of loo 
w i t h  respect t o  the model fuselage  center  line,  the model assumed a 
negative  sideslip  angle and a positive y-aw angle when the vanes were 
extended. As the vanes retracted,  free  oscillations occurred anit the 
yaw- velocities  existing were sensed by the y a w  damper which produced 
vertical-tail  deflections in  a manner t o  provide damping moments.  Time 
histories of the resulting model motions  were obtained by m+ns of the 
NACA telemetering and instrument system. 

The fl ight conditions of the model are  presented i n  figure 5 where 
the  variations of velocity, dynamic presaure, air density,  relative- 
density  factor, and  Reynolds number with Mach nunher are shown. Through- 
out the  flight  the  level of atmospheric turbulence was law. 

ACCURACY AND CORRECTIONS 

The estimated  probable  errors in  the  basic measured quantities  are 
shown i n  table 111 for  two Mach numbers (0.8 and 1.4) . The la te ra l  
derivatives, CY$ CnB' czp, czp, and 
some or a l l  of these  basic measured quantities. The Fncrements i n  the 

4 - c% are dependent upon 

various derivatives caused by errors-in  the  basic  quantities were deter- 
mined graphically by the method presented fn reference 6 ,  a d  the  results 
are presented i n  table N f o r  M = 1.4. The probable errors  presented 
in table IV are given in terms of absolute magnitude as  well a8 percent- 
ages of the  derivatives, inasmuch as percentage e r r o r s  have l i t t l e  
meaning in  some cases. Also shown at the bottom of table IV are  the 



3 ~ C A  RM ~ 5 6 ~ 1 8  9 

. 
increments due t o  8 certain amount of uncertainty in  the derivatives 

'2, d ?e 
derivatives. 

and C that had t o  be estimated i n  order t o  determine the  other 

Position  corrections t o  the  accelerometer  readings were required 
t o  correct the measured readings at the instrument location t o  values 
at the  center of gravity. The angles as measured  by the air-flow direc- 
t ion vane mounted i n  front of the model were corrected  for model pitching 
and  yawing velocities t o  obtain angles of attack and angles of sideslip. 
Frequency-response corrections t o  . a l l  instruments were not necessary; 
however, corrections due t o  instrument  lag were applied t o   t h e  rate of 
r o l l  and ra te  of y a w .  

Time History 
1 

Ty-pical time histories of the free oscillations experienced by the 
model are sham i n  figure 6 .  As stated previously,  the yaw-vane d i s -  

from the boosEer and the motions shorn in figure 6 are for  the freely 
flylng model after the yaw vanes were retracted.  Figure 6(a) presents 
data after  the first deflection of the yaw vanes. It appeks from the 
chazacter of the motions that  initially the model experienced cross 
coupling between the lateral and longitudinal modes of motion and rather 
large  values of angle of sideslip, yawing velocity, and lateral-force 
coefficient were recorded. A rollin@; velocity  greater  than  the 3-radian- 
per-second  instrument  range w a s  attained and an induced angle of attack 
was experienced. No attempt was made t o  aaalyze this coupled motion. 
The coupled motion quickly  subsided, and during the later part of this 
oscillation it is f e l t  that the  la teral  and longLtWnal modes were 
separated. During the time the model experienced coupled motions, the 
yaw damper system had little effect i n  damping the induced yawing veloc- 
i t y  as shown by the smal l  vertical-tail  deflections; however, when the 
model was oscillating  essentially in  yaw, the yaw  damper quickly damped 
the motion. No  plausible  reason can  be presented f o r  thls e r ra t ic  oper- 
ation of the y a w  damper except,  perhaps, that the rate of' r o l l  was so 

large iner t ia  and aerodynamic loads. Durfng the remainder of the f l igh t  
the model w a s  disturbed in yaw and very little induced angle of attack 
was experienced. (See figs.  6(b) , 6 ( c ) ,  and 6(&) .) 

* turber w a s  not allowed t o  operate until the m o d e l  comgletely separated 

I 

- Large as t o  prevent  the system f r o m  ope ra t a   s a t i s f ac to r i ly  due t o  

Throughout the flight the yaw-rate damper system did not  function 
3 n  a consistent mmner. This was primarily due to   t he  dead spot in the 
yaw-rate damper system which became formidable because the model experi- 
enced smaller yawing velocities than were expected. Throughout the 
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flight,  during  the  first  portion of each  disturbance  the 6% trace  had 
the  characteristic of a damped  sinusoid. During the  latter  portion of 
each  disturbance,  the  trace  either  was  essentially  damped  out 
(when M > 1.2) or  was  oscillating  in a random  manner  (when M C 1.2) . 
Thus, no additional  damping t o  the airpame was experienced dur ing  the 
htter portion of each  disturbance  when  the m c h  number was greater 
than 1.2. Therefore,  it  was  possible to analyze  the  motions of the 
model  while  the  damper was operative and inoperative. On this  basis, 
then,  the  characteristics of the  lateral  oscillations of the airframe- 
damper  combination and the  airf'rame-alone  configuration  were  Independ- 
ently  determined w h e n  the  Mach  number  was  greater  than 1.2. 

In the  remainder of this  paper  the  data  are  classiffed  according 
to the  operation  of  the  yaw-rate  damper;  that is, the  expressions 
''damper  operative"  and "damper inoperative"  refer,  respectively,  to 
the  airframe-damper  combination and airframe-alone  configuration. 

Trim Characteristics 

The trim values of the  measured  quantities  are shown in figure 7 
for  both  damper  inoperative and danrper  operative.  The  data  show  little 
difference  in  the trim characterlstics  due  to  the yaw dEblnper  system. 
The-po8itive  value  of  the  trim  lateral-force  coefficient  at  subsonic 
and transonic  speeds i s  believed  to  be a zero shltft in the  transverse 
accelerometer. The mcdel  experienced a slight  transonic  trim  change 
in angle of attack, and the mean values of the ro l l i ng  velocity  as 
given in terms  of  the  wing-tip  helix angle $ were  less  than 0.005 
through the bbch number  range of the  test. It was impossible  to  obtain 
trim lift coefficients  at  supersonic  speeds  because  the  model  experi- 
enced normal accelerations  greater  than  the 5g instrument range. 

Oscillation  Characteristfcs 

The oscillation  characteristics of the  model  while  the  damper was 
operative  and  Fnoperatfve  are shown in  figures 8 to 13. Values of 

were  determined f r o m  all of the  measured  quantities (a, 
p, ana $, Cy T1? , and  the data presented  in  figures 8 and 9 are  the  average 
iralues obtained. 

. 
d 

Figure 8 presents the periods .of the  lateral  oscillations.  When 
damper-operative and damper-inoperative  data were avafZable (M > 1.21, 
the yaw-rate  damper  system had Little  effect  on  the  periods, which was 
expected  since  the  design  natural  frequency of the  system was at  least 
six tbes the natural  frequency of the  model. An interesting  feature 
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0 of the data is the  relatively  constant values of the periods at super- 
sonic speeds. 

ii 
The  damping of the  lateral   oscil lations is  shown in figure 9. 

Although the yaw-rate damper was nonlinear,  the data in figure 9 were 
determined by a lineax  analysis  of'the lateral oscillations. Thus, 
the  values of probably have little significance; however, it fs 
believed that the  trend in the data is  significant and indicates that 
the  effect of the yaw-rate damper system on the Ci8mp-g of the lateral 
oscillations is pronounced when the Mach  nuaiber is greater than 1.2. 
This- effect was also expected since the yaw-rate damper system was 
designed f o r  M = 1.6 and no gain changer was incorporated i n t o  the 
system. 

Shown in  f igure 10 is the   c r i t i ca l  dampa ratio.  These data are 
based on faired curves of the data 131 figures 8 and 9. Also shown in  
figure u) are  the  design  values of the damping r a t i o  for  the airframe- 
damper combination and the airframe-alone  configuration. When the Mach 
number is   greater  than 1.2, the damp- r a t i o  of the airframe-autopilot 
combination increases whereas Ghat of the airframe-alone  configuration 
decreases with increasing Mach  number. Therefore, the effect of the 
yaw-rate danrper system is t o  add progressively more damping as the Wch 
nuuiber increases. Note that the tendency of the test-data curve i s  t o  
approach the  design data points at M = 1.6; however,  due t o  the model 
experiencing  cross  coupling  (see fig.  6(a) 1 no data were available t o  
rake a direct comparison. The design  data  point a t  M = 1.6, when the 
damper i s  operative, w a s  determined by considering an ideal second- 
order system for the yaw-rate damper and by estimating a value of the 
yawin@; moment due t o  vertical-tail  deflection. The agreement shown in 
figure 10 might be fortuitous  since no effect of a dead spot in the yaw- 
ra te  damper system w a s  considered, and a value of the y a w i n g  moment due 
t o  vertical-tail  deflection was estimated. 

I 

The phase angle by  which the ro l l i ng  velocity  leads the angle of 
sideslip and the amplitude r a t i o  of r o l l h g  velocity t o  angle of side- 
s l ip   are  shown as a function of  hhch number i n  figure ll. Generally 
the amplitude r a t i o  increases with increasing  Mch nmiber w h i l e  the 

The yaw-rate harper system had l i t t l e  effect  on the amplitude ra t io  and 
phase when the Mach  number  was greater than 1.2. 

- phase angle remains relatively  constant with increasing Mach nwiber. 

i 

Figure 12 represents  the  variation of the phase angle by which the 
yawing velocity  leads the angle of sideslip and the amplitude r a t i o  of 
yawing velocity t o  angle of sideslip as a function of %ch nmber. When 
the Mach nuniber w a s  greater  than 1.2, the yaw-rate damper system had 

l i t t l e   e f f e c t  on the amplitude ra t io  ; however, the  effect of the I BI 
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yaw-rate damper system was to  increase  the phase  angle between the  yawing 
velocity  and angle of s idesl ip .  Th i s  increase i n   t h e  phase angle was 
primarily due t o  the addition of an aerodynamic yawing moment due t o  i 
ver t ica l - ta i l   def lec t ion  fn the  yawing-moment equation which changed the  
modal character is t ics  and resulted in an increase i n  the  effective w i n g  
i n  yaw. No attempt was made t o  fair the data that appear i n  figures U. 
and 12 since  each  point  constitutes a fa i red  value f o r  a number of half- 
cycles of osci l la t ions.  

Presented i n  figure 13 is  the variation of the gain and phase of 
the  yaw-rate damper system with l&ch nuniber. Shown are the fU&t-test 
values,  design  values,  and the effect  of the dead spot i n  the system 
f o r  two values of yaw-rate input. The two values were chosen t o  s h o w  
the e f fec t  of the nonlinearity of t he  damper system on the output. The 
value of = 1.0 radian/second  corresponds to   the   va lue  whfch was 
used in  the  design  of the yaw-rate damper system, whereae the d u e  of 
16 = 0.2 radian/second  corresponds to   the   o rder  of the measured va lues  
as  obtained from the flight t e s t .  A discussion of the dead spot as w e l l  
as the phase lag due t o   t h e  dead spot and the  system dynamics is pre- 
sented i n  the appendix. As the amplitude of the yaw-rate input is 
decreased,  the  effect  of  the dead spot i s  seen t o  decrease the gain and 
increase  the  phase lag between the St output and 4 input. It can 
be shown that, as the  output  approaches the dead spot, the phase lag 
approaches goo. Thus, the e f fed  of the dead spot becomes formidable as 
the ya,w-rate input  approaches the values measured f r o m  the flight t e s t .  
No direct  comparison  can be made between the measured flight-test values 
and the computed values considering  the dead spot  since  the  amplitude 
of the yaw-rate input varied with Mach number. It is believed that the 
values  of the gain were mre accurately  determined from the   f l ight- tes t  
data then were the phase a s ,  pmt icu la r ly  at s d s o n i c  speeds,  since 
the yaw-rate input approached the accuracy  of the gyro-type  instrument 
that was used t o  measure the yaw-rate input. 

Flying  Qualities 

The oscillatory  characteristics  presented  previously  for  both the 
airframe-mer combination and airframe-alone  configuration m y  be 
interpreted  in  terms of fdJ”scale-airplane flying qual i t ies .  The non- 
d€mensional characterist ics of the motion may be considered as applying 
t o   t h e  full-scale  airplane having the same relat ive  densi ty  and non- 
dimensional radii of gyration. 

The relat ive-densi ty   factor  for the present test was presented in 
figure 5.  Full-scale  al t i tudes and wing loadings f o r  M = 1.4 based 
on the relative-density  factor a t  this Mach number and  assuming the 
model was a l/lO-scale model are shown in figure 14. These values 
obtained with the model are representative  af  current  aircraft .  
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The requirements for  damping of the  Lateral  oscillations as stated 
i n  reference 8 are shown i n  figure 15. Shown in  the  figure  are  points 
at M = 1.4 f o r  both  the damper operative and inoperative portions of 
the  f l ight   tes t .  The data indicate that the damping is marginal for 
the airframe alone and is satisfactory during tact ical  missions for the 
airframe-damper c d i n a t i o n .  

A comparison was made of the radii of gyration of the model w i t h  
average  values f o r  three  current swept-wing fighter  airplanes  in order 
t o  determine whether the data in figure 15 were applicable t o  a ruL1- 
scale  airplane. The compwison showed that the nondimensional radii of 
gyration in r o l l  were about the same, but  the nondimensional radius of 
gyration in y a w  of the model  was about 30 percent  higher than those of 
current swept-wing airplanes. Thus, ft appears that the model does not 
simulate a full-scale  airplane. The effect of a 30-percent decrease in 
the  radius of gyration in  yaw is t o  move the data points in figure 15 
farther  into the satisfactory range and thereby t o  make the full-scale- 
airplane  lateral  damping characteristics better than  those shown in the 
figure. 

An additional lateral oscillatory requirement stated in reference 8 
is that the ratio of r o l l  angle t o  angle of sideslip should not 
exceed 4 in  order t o  prevent -@;e roll-  motions due to mnall changes 
in  heading or rough air. Presented fn figure 16 is the variation of 1$1 w i t h  Mach  number for  both  the damper-inoperative and m e r -  

operative portions of the fl ight test. The data indicate that the 
effect of the y a w  damper system is negligible and that at  subsonic 
speeds f I exceeded 4, whereas a t  sqersonic speeds 1 gI  was about 4. 
The effect of a 30-percent decrease in   the  radius of gyration tn y a w  
would be t o  decrease the  values of. I$\ ShOkm. 

Lakeral-Stability  Derivatives 

Lateral-force  derivative.- Typical plo t s  of t he  variation of 
lateral-force  coefficient w i t h  angle of sideslip are shown i n  figure 17 
where,  within  the random scatter of the  data, the curves appear t o  be 
linear. The data in  figure 17 are f o r  the damper-operative portion of 
the flight tes t .   Plots  of the variation of lateral-force coefficient 
w i t h  angle of sideslip w e r e  also determined for   the damper-inoperative 
portion of the f l i gh t   t e s t  and although not  presented are similar t o  
those shown in   f igure 17. 
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From the   p lo ts  of lateral-force  coefficients against angle  of side-, 
sl ip,   the  slopes were determined and the  variation of lateral-force 
derivative Cy with Mach  number are  shown in   f igure  18 for   bo th  damper 

inoperative and operative  portions of t h e   f l i g h t   t e s t .  The data show 
the  usual  variation of 5 with Mach  number for configurations  having 

sweptback surfaces, and the   e f fec t  of the  auxi l iary yaw-rate damper sys- 
tern on was negligible. The estimated  rigid  values were determined 

by the method presented in appendix B of reference 7 and indicate that 
the   ve r t i ca l - t a i l   f l ex ib i l i t y  had a re la t ive ly  small effect  on C y  . 

B 

P 

B 

B 

Vector p lo ts . -  The osci l la tory  character is t ics  when the y a w  damper 
system was inoperative were analyzed by the  time-vector method to   de te r -  
mine the  lateral s tabi l i ty   der ivat ives  Cna, C z P >  C$, and Cnr - Crib 
of the  airframe-alone  configuration. The techniques and procedure 
involved i n  analyzing  oscillatory motfons by the  time-vector method 
a re  well known a t  this time and detailed  explanations have been pre- 
sented,  for example, i n  references 5 t o  7 and references 9 and 10. No 
de ta i l s  of the  method are  presented  in  this  paper  since  they are fully 
covered i n   t h e  above-mentioned references. Eowever, f o r  completeness 
a typical  time-vector  solution of the lateral equations of motion is 
presented in   f i gu re  19. The solution of the  lateral-force  equation 
appears in figure lg (a> ,  ' the  solution of the rolling-moment equation 
appears in   f igure  lg(b) ,  and the  solution of the yawing-moment equation 
appears in   f igure  lg(c) . These solutions  are  presented  for M = 1.40. 

The lateral-stabil i ty  derivatives  obtained when the yaw damper sys- 
tem was inoperative - that is, dur ing   the   l a t te r   par t  of the  disturb- 
ances when the Mach  number was greater that 1.2 - are l i s t e d   i n   t h e  
following  table : 

c . . . . . . . . . . . . . .  
np 

C z p .  . . . . . . . . . . . . .  
c . . . . . . . . . . . . . .  
2P . . . . . . . . . .  Cr+ - Cni 

M 

1.4-0 I 1.27 

0.150 

-0.053 

-0.345 
0 

0.192 

-0.060 

-0.373 
-0.520 

Y 
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ve,lues of c, and c., - cnB 
B 

were determined by the  vector method 

for  an estimated  value of C = 0.05; whereas, the values of C2 and 

C were determined by the  vector method for  an estimated  value of 
“p B 

’LP 
= 0.10. The possible  effects of iner t ia  coupling have been lnsresti- 

gated and the  effects on the dynamic lateral stability  derivatives that 
appear in  the table were found t o  be small. 

CONCLUSIONS 

A lateral stability  investigation was conducted t o  provide some 
additional experience  with m o d e l  test- of autamatic controh and t o  
provide further  information on the  effect of an auxiliary ;yaw damper 
sensitive t o  yawing angular velocity on the   l a te ra l   s tab i l i ty  of high- 
performance airplanes. F r o m  the results of this investigation  utFlizFng 
a rocket-propelled model of a 45O sweptback-airplane  configuration 
equipped with aq auxiliary y-aw-rate  damper designed for supersonic 
speeds wttk no gain-changer provisions  the following conclusions are 
indicated : 

1. The yaw-rate damper system was nonlinear due t o  a relatively 
large dead spot in the system. 

2. The effect of the yaw-rate damper system, where data were avail- 
able (M > 1.2), was t o  increase  the dmqing of the  lateral   oscil lations.  

3 .  When the results are  interpreted in terms of  full-scale-airplane 
flying  qualities,  the yaw-rate ARglper system had a k g e  effect on the 
Lateral damging at a Mach nmiber of 1.4. 

Langley Aeronautical  Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., November 29, 1956. 
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The yaw-rate  damper 
ically to the valve of a 
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APPENDIX 

YAW-RATE DAMFXR SYSTEM 

Y 

Description 

system  consists of a rate ~ J T O  connected  mechan- 
pneumatic servo. (See fig. 20 and sketch 1.) 

Sketch 1 

.) 

Y 
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In the diagram it can be  seen that the is by means of a 
floating member or whiffletree (B) which has a mass (D) a t  one end. In 
operation, when the gyro output &~?ll (A) moves, it displaces  the valve 
by pivoting  the  whiffletree about point ( C ) .  The valve now causes the 
servo t o  move until the valve is in i ts  original  position. This mve- 
ment  may be  very  rapid, which  caus'es a restor- force  to   the gyro arm 
(A) due t o  the tendency of the mass (D) t o  remain stationary. The 
restoring  force is proportional to  the  acceleration of the servo. This 
feedback is necessary to stabil ize  the system. 

Tests 

The  yaw damper w a s  designed for flight conditions at M = 1.6 and 
no galn-changes provisions w e r e  incorporated. The design gain was 

lo1 3 0.07 deg/deg/sec, and It was desfred that the natural frequency 

be as much in excess of 100 radians/second as possible. It was antici- 
pated that the system would be critically damped. under these  conditione. 
The following bench t e s t s  were performed in order t o  check the design 
specifications : 

1. The system was placed on a rotatfng  table and the rate-gyro 
speed and the gyro centering  springs w e r e  adjusted to meet the design 
gain. While on the  rotating  table the dead spot in the system due t o  
valve overlap was measured to be 0.45O of control-surface  deflection. 

2. The dynaslic s tab i l i ty  of $he system was first checked w i t h  the 
simulated aerodynamic hinge moment equal t o  zero. This was done by 
moving the gyro gimbal t o  f u l l  deflection and then releasing it while 
the system was loaded wfth the designed inertia load. The resulting 
transient is shown in sketch  2(a) 

I sec I I I 1 I f 
-creasing time ____P 

Sketch 2a 
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3. The same dynamic 
aerodynamic hinge moment 
in  sketch  2(b). 

stability test w a s  performed with the design 
simulated  by  springs. !This t ransient  is shown 

Sketch 2b 

4. No attemgt was made t o  measure the frequency  response  of the  
system. 

The natural  frequency of the system was obtained from the zero- 
aerodynamic-hinge-moment transient  (sketch 2(a)) and was determined t o  
be 129.5 radians/sec. This value was taken t o  be the -ed natural  
frequency of the system. The damping m a  determined from the  design- 
aerodynamic--e-moment transient  (sketch 2(b) ) by comparing the time 
t o  reach 95 percent of full servo  throw with a family of t ransient  
curves  (see ref. 11) and was found: t o  be  about 1.0. 

I n  estimating  the damping, it was assumed that there was no appreci- 
able change i n  the undamped natural frequency between the conditions of 
zero aerodynamic hinge moment and design  aerdynandc  hinge moment because 
of t he  following reasons: 

1. In  bench tests, the undamped natural frequency was observed t o  
vary with the s t i f fnes s  of the gyro centering  springs.  For example, a 
trial spring gave an undamped natural frequency of over 300 radianslsec. 

L 

Y 

4 

2. Further, no sensible change occurred i n  the  design undamped natu- 
ral frequency of 129.5 radians/sec when the  iner t ia   load was varied 
400 percent w h i l e  operating under  zero aerodynamic hinge moment. For 
t h i s  purpose the inertia loads- w e r e  considered  equivalent to   the   aero-  
aynamic i d s .  
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The conclusion w a s  thus drawn that the gyro centering  springs 
were the  controlling  factor in determining the natural frequency of 
the system. 

The difference in damping exhibited in  sketch 2 is believed  largely 
due t o  the  fact that, as this is an air system and air  is compressible, 
the flow through the  valve varies greatly between the zero-aerodynamfc- 
hinge-moment and design-aerodynamlc-himge-moment condftions. A p p a r e n t l y  
the increase in damping comes from these altered flow characteristics. 
There is a l so  the Bernoulli effect which causes  a strong  centering  force 
on the  valve. This varies with valve opening and it would be d i f f icu l t  
t o   e s t a t e  its part in  these phenomena. 

Effect of  Dead Spot 

The finished airframe was buil t  w i t h  a rudder  linkage whfch  gave 
a throw of f10 rather  than +-5O for  full servo stroke as w a s  originally 
specified. This resulted in using o n l y  one-half the servo  stroke at the 
designed gain. Due to space limitations it was only possible  to modiw 
this t o  +7.z0. 

When the model w a s  flown, the yawing velocity produced by the pulse 
y a w  vanes was less then expected. Consequently, the madmum deflect'ion 
of the  vertical  t a i l  was less  then lo. This plus the linkage change 
described above  meant that approximately 1/9 of the  servo  travel was the 
maximum amount ever  used. In  estimating the phase lag due to the valve 
action,  the following a s s q t i o n s  were m&de, which offer a posslble 
explanation of the dead spot based on static  conditions. However with 
high rates, these results would be overshadowed. 

1. The dead spot was entirely in the valve; it was sharp and no 
dynamics were involved. 

2. The dead spot assumed w a s  the maxinnm the system  could  develop 
and probably no greater  than that which a c t m y  existed. 

3 .  It was further assumed from the $- step  input that the damping 
r a t i o  w a s  1.0. Inspection of the  trensient response shown in  sketch 2 
shows that the curves are not those of a linear system; however, the 
assumption 5 = 1.0 is  probably as close an approximation as can be 
made. 

Readings of anrplitude ra t io  and phase angle (9 fram the If1 84 
flight-test  records showed that both the gain and the phase of the yaw- 
damper-system output were not  as  expected. 
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In order t o  evaluate  better  the  results, a graphical  analysis was 
made for two yaw-rate inputs at M = 1.6 as shown i n  sketch 3. 

2 

Et, deg 0 

System  dynamics 0 

-2 
The yaw-rate input of 1.0 radian/second corresponds t o  the value 

Time, sec Sketch 3 

which was used in   the design of the yaw-rate damper system, whereas the 

c 

II 

* 

. 



yaw-rate input of 0.2 radian/second  corresponds t o  the  order of the  
measured values at subsonic  speeds. Shown i n  sketch 3 is the output 6t 
determined by first considering no system dynamics or dead spot (ideal 
damper), then by considerfng system dynamics alone, and finally by  con- 
sidering system dynamics and dead spot  together. 

The phase lag due to the system dynamics is a function of i t s  
w i n g  r a t i o  and the  airframe and damper natural frequencies. The 
natural frequency of the model is shown in figure 21; the phase lag 
as a function of the damping ra t io  {, model undamped natural fre- 
quency %, and the damper natural frequency (u is  shown in figure 22. 
The phase lags were determined f r m t h e  emression shown in  the figure, 
which was taken from reference 12, and wa8 assumed t o  be equal t o  1.0. 

The phase lag due to   the  dead spot in  the system is a function of 
the known dead spot and the mgnitude of as shown by the expression 

As may be  seen i n  sketch 3, the  effect of the dead spot in the 
system on the output S, becomes greater as the yaw-rate input becomes 
smaller. When the yaw-rate input was equal to 1.0 radian/second, the 
phase lag due t o  system dynamics alone was about 18°,0whereas the phase 
lag due t o  system dynamics and dead spot w a s  about 24 . However,  when 
the yaw-rate input was 0.2 radian/second, the respective phase lags 
were 18O and 9’. 

Thus, f o r  the  flight  conditions experienced by the model, the effect 
of the dead spot in   the  yaw-rate damper system was formidable and resulted 
in  values of the phase angle 4 that were considerably larger than 
were expected. Consequently, the damping contributed by the system was 
less than w a s  expected. 

w 
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TABLE I 

W M E T R I C  CHARACTERISTICS 

wing: 

T o t a l  area. sq ft . . . . . . . . . . . . . . . . . . . . . .  5.76 

Aspectratio . . . . . . . . . . . . . . . . . . . . . . . .  4.0 
Mean aerodynamic  chord. f’t . . . . . . . . . . . . . . . . .  1.32 

Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . .  0.3  
Airfo i l  section . . . . . . . . . . . . . . . . . . . . . . .  65~006 

span. ft . . . . . . . . . . . . . . . . . . . . . . . . . .  4.80 

Sweep of quarter-chord line. deg . . . . . . . . . . . . . .  45 

Horizontal tail: 

Total area. sq ft . . . . . . . . . . . . . . . . . . . . . .  0.835 span. ft . . . . . . . . . . . . . . . . . . . . . . . . . .  1.83 
Aapect ra t io  . . . . . . . . . . . . . . . . . . . . . . . . .  4.0 
Mean aerodynamic  chord. f% . . . . . . . . . . . . . . . . .  0.50 
Sweep of quarter-chord line. deg . . . . . . . . . . . . . .  45 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  0.30 
Air fo i l  section . . . . . . . . . . . . . . . . . . . . . . .  631006 

Vertical tail: 

Total 
k e a .  sq ft . . . . . . . . . . . . . . . . . . .  0.88 Span. ft . . . . . . . . . . . . . . . . . . . .  1.18 
Aspect ra t io  . . . . . . . . . . . . . . . . . .  1.59 
Mean aeroaynamic chord. ft . . . . . . . . . . .  0.82 

%per r a t i o  . . . . . . . . . . . . . . . . . . .  0.30 
Air fo i l  section . . . . . . . . . . . . . . . . .  65~006 
Sweep of quarter-chord line. deg . . . . . . . .  45 

Exposed 
0 9 585 
0 917 
1.43 

0.685 
45 

0.368 
631006 

Fuselage: 

Length. f’t . . . . . . . . . . . . . . . . . . . . . . . . .  8.25 
Fineness r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  12.25 
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TABLE I1 

MASS m IIYERTIA cFrARAcmTIcs 

Weight, lb . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Center-of-gravity  position,  percent c' . . . . . . . . . . . . .  
Moments of iner t ia ,  slug-ft2: 

Pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Yaw . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Roll . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Inclination of pr incipal  axis, deg . . . . . . . . . . . . . . .  
Radii  of gyration, ft : 

Pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Yaw . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Natural frequencies, cps: 

W i n g  first bending . . . . . . . . . . . . . . . . . . . . . .  
W i n g  second  bending . . . . . . . . . . . . . . . . . . . . .  
Horizontal-tail second  bending . . . . . . . . . . . . . . . .  Horizontal-tail first benafng . . . . . . . . . . . . . . . .  

166.5 

25 

2.22 
2.28 
0.54 

58 
202 
lo8 
348 
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TAJ3m I11 

.L 

P 

ESTIMATZD ACCURACY QF VkRIOUS MEASURED QUANTITIES 

[All increments may be positive or negativd 

P 0.010 sec 0.005 sec 

I: I 3.0 percent 3.0 percent 

@PP 3.00 3.0' 

2 .O percent 2 .O percent 
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CALCULCLTED ACCURACY OF A E R D X W E C  D E R N A T W E S  FOR I4 = 1.4 

[W increments may be  positive  or  negative, and all derivatives are for B in radian4 
I I 

W 

.002 ""- 
0.001 0.003 

IZ 

I ""_ ""_ "3 

I El ""_ .001 

I @Pa I ----- I -001 

I Probable error  1 I 

I -Om I -Oo7 

Probable error  per- 
cent  derivative 3 I 5 

0.1 change in  I czr I ""e 1 ""- 
0.1 change i n  1 ----- 1 -010 

0.001 

.02 -"" -"" 
0.01 0.005 

-006 1 -048 I 
9 1 1 1  I m 
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Figure 1.- Sketch showing the body axes system. Bsch view presents a plane of the axis system 
as viewed along the third axis.  Axrows indicate positive  directions of forces, rannents, and 
angles. 
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Mgure 2.- General. arrangement of model. All a m i o n s  are in incMe unless otherwise noted. 
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(b) Three-quarter front view of model. L-91097 -1 

Figure 3 . -  Model and model-booster conibination. 
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(c) Model-booster conibination on launcher. L-91325 

Figure 3.- Concluded. 
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Flgure 5.- Variation of velocity, aynamlc pressure, air density, relative-densi2;y factor and 
Reynolas nlrmber with Efach number. 
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Figure 6 .- micd time histories. 
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Figure 6 . -  Continued. 
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Figure 6.- Continued. 
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(a) 1.10 6 M h 1.04. 

Figure 6 .  - Contfnued. 
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Figure 6.- Continued. 
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Figure 7.- Variation of' model t r i m  characteristics with Mach number. 



P, sec 

.. . . . 

' * '  .' m '  

Figure 8. - Variation o f  the p e r i d  of the lateral oscillations with Wch number. Damper 
inoperative and damper operative. 
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FLgure 9.- Variation of the damping of the lateral oscillations w i t h  Mach number. Ikmp?r 
inoperative and daqer operative. 
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Figure 10.- Comparison of critical damping ratio.  Damper inoperative and damper operative. 
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Figure 11.- Variation of amplitude  ratio  and  phase of rolling velocity 
to angle of sideslip with Mach number.  Damper  inoperative and damper 
operative. 
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Figure 13 . -  Variation of gain and phase l ag  of  yaw-rate damper system 
with Mach number. 
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Figure 14. - Airplane flight conditions s W a M  by model asaumlng 1O:l scale factor and 8- 

relativedensity factor. 
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Figure 16. - Variation of roll-to-sideslip ratio with Mach number. 
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Figure 17.- Typical  variations of lateral-force coefficient with Mach 
number. Damper operative. 



-1.0 

- .8 

-.6 

- .4 

- .2 

n 

. .  .. 

1 I 

u 

.7 .9 1.0 1.1 1.2 1.3  1.4 1.5 1.6 1.7 
M 

Figure 18.- Varlatlon of lateral-force  derivative with f i c h  number. 
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(a) Lateral-force  eqmtion. 

Figure 19.- Typical  time-vector  plots. M = 1.40. 





( c )  Yadng-moment equation. 

Figure 19.- Concluded. 
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L-93455 
(a) Close-up view showing m e r ,  servo, and gyro. 

L-90454 
(b) Ekploded view showing system and tail section of model. 

Figure 20.- Auxiliary damper system. 
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Figure 21. - Variation of mael undmped natural frequency with Wch number. 
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Figure 22. - !Cheoretical variation of phase angle with damping r a t i o  as determined from reference U. 




